E. coli , a bacterial species that occurs in the intestines and feces of all warm-blooded animals, is the principal microbial indicator used for the assessment of fecal contamination of water for the presence of pathogens throughout the world. Because the presence of bacterial indicators such as E. coli is poorly correlated with the incidence of human enteric viruses, coliphages (viruses that infect E. coli ) have been proposed as alternate indicators of the potential of fecal contamination of water and, therefore, the presence of these viruses (8) . Waterborne outbreaks of viral etiology have occurred in communities where coliform standards were being met.
Coliphage infection of E. coli proceeds in stages: (i) adsorption, (ii) penetration, (iii)intracellular multiplication and (iv)host-cell lysis. Many coliphages are not only species-specific but also strain-specific. E. coli strain C (Catalog No. 13706; ATCC, Rockville, MD, USA) can support a greater variety of coliphages isolated from water samples than many other E. colistrains. Hence, Eaton et al. (1) specify the use of E. coli strain C as the host for the detection of coliphages present in water. Eaton et al. (1) also recommend the addition of 2,3,5-triphenyl tetrazolium chloride to the agar medium to increase the visibility of the plaques, but the problem of poor visibility of plaques persists. Others have reported the use of 5-bromo-4-chloro-3-indolyl-β -D-galactopyranoside (Xgal) and isopropyl β -D-thiogalactopyranoside (IPTG) to increase the visibility of plaques; but these reagents need to be added separately rather than incorporated directly into the medium, and they are very expensive (3) .
Recently, a plasmid-borne green fluorescent protein (GFP) gene has become available as a marker for microorganisms. Detection of GFP requires only irradiation with UV light and is not limited by the availability of substrates (5) . In E. coli strain C, which is genetically modified to harbor the GFP gene, cells are lysed locally and clear plaques develop after infection by coliphages from a water sample. The green fluorescence produced by the uninfected cells lends a green color to the lawn, while plaques (infected and killed E. coli ) remain colorless when exposed to handheld UV light (wavelength 365 nm). This paper reports the transfer of a plasmid vector that harbors the GFP gene to the widely used E. coli strain C and its application to coliphage detection in water samples.
Transformation of competent E. coli strain C cells (1.4 × 10 10 in 100 µ L) was done with 100 ng of plasmid DNA (GenBank ® Accession No. U17997, replication origin from pUC, copy number 500; CLONTECH Laboratories, Palo Alto, CA, USA). Because the plasmid also carries a gene for ampicillin resistance, the suspension was spread on LB agar containing 50 µ g/mL of ampicillin (6) . Before addition of bacterial cells, 50 µ L of 2% X-gal and 50 µ L of 100 mM IPTG were spread over the surface of the agar plate. The plates were incubated at 37°C overnight. Individual colonies were counted, and colonies were picked to grow overnight at 37°C in LB broth containing 50 µ g/mL ampicillin. Fluorescent colonies on agar medium confirmed the presence of the GFP insert and corresponded to 20% of transformation from the nonfluorescent condition. Host cells for coliphage testing were grown overnight in LB broth containing 50 µ g/mL of ampicillin. One milliliter of this suspension was transferred to 25 mL of LB broth with 50 µ g/mL ampicillin and 10% glycerol, followed by incubation at 32°C to an absorbance ( A ) 520 of 0.5. The culture was stored at -20°C for no longer than a month.
Samples were collected from treated, dechlorinated effluent from the activated-sludge wastewater treatment plant of the University of California at Davis. Concentration of coliphages from the samples was done by the positively charged membrane filter-based urea-arginine phosphate buffer (UAPB) method described previously (4) . Briefly, treated water samples (pH 7.3-7.9) were passed through a positively charged membrane filter (Model 1 MDS; Cuno, Meriden, CT, USA) with a 47-mm diameter. Adsorbed viruses were eluted with 10 mL of UAPB at pH 9.0. UAPB was prepared by adding 400 µ L of 0.5 M L -arginine and 400 µ L of 0.2 M NaH 2 PO 4 to 9.2 mL of distilled water containing 0.9 g of freshly dissolved urea. Before elution, the fresh UAPB solution was held for 5 min. The eluate was further concentrated by addition of 200 µ L of MgCl 2 • 6H 2 O (1 M). Samples were mixed in a centrifuge tube, the precipitate was recovered by centrifugation at 1000 × gfor 15 min, and the pellet was dissolved in 1 mL of McIlvaine's buffer (0.05 M Na 2 HPO 4 /citric acid solution, pH 5.0).
Coliphages were assayed with cells thawed at 44°C in a water bath. The 546BioTechniques
Vol. 24, No. 4 (1998) (2,7). Seventeen colonies showing the presence of the GFP insert were screened to see if there was any difference in efficiency of plaque formation with respect to φ X174 phage. Each isolate was used to prepare a soft agar overlay lawn: four 100-µ L volumes containing 1.6 ×10 2 plaque-forming units (pfu) were plated. Plaques were counted after overnight incubation. One transformant, which gave rise to maximum plaque numbers and bright green fluorescence, was designated strain JC9 and used throughout the study.
Coliphage detection with E. coli strain JC9, which harbors the GFP gene, was compared with that obtained with the parent strain ( Table 1) . Sensitivities were clearly equal; for the paired values, Pearson's ris 0.98 and R 2 is 0.96. It is very likely that the coliphages detected, in addition to the φ X174 type, were principally of the tailed, somatic variety. If one wished to detect small RNA coliphages, an E. coli strain that produced an F-pilus could presumably be transformed with the same plasmid.
The genetically altered strain not only detected as many plaques as did the parent strain, but the plaques exposed to UV were much easier to count than those seen on the unmodified strain. The present study clearly establishes that the genetically altered host strain is superior for coliphage detection to the parent strain E. coli C recommended by Eaton et al. (1) . Another advantage of the present method is that it obviates addition of coloring background material to improve plaque visibility. Ampicillin was present in the broth medium in which the host cells were grown but was omitted from the plaquing agar; this had no effect on the brightness of the cells' green fluorescence. Stored cells can be used without any loss of sensitivity for 30 days, and fresh culture was prepared each month. The presence of ampicillin in the growth broth helped select against contaminants or revertants. The identity of the host strain was verified by expression of the GFP trait. The genetic alteration thus serves as a marker and a convenient way to read plaques when exposed to UV.
In conclusion, it appears that transformant strain JC9 with the GFP property might be a suitable alternative to the original E. coli strain C when detection of coliphages in water is desired. For well over two decades, the technique of molecular cloning permitted the development of microbial cultures capable of producing valuable recombinant proteins. The underlying process involves creating a recombinant DNA and introducing it into a suitable host cell where it is replicated. The experimental transformation of plasmids into the host cells usually yields a mixture of clones in which only a few cells contain the recombinant plasmid with the desired cloned gene. As a prerequisite for the detection and selection of plasmid-containing host cells, plasmids carry selectable markers such as antibiotic-resistance genes. Traditionally, the screening for recombinant clones was performed on agar plates containing one selective concentration of the corresponding antibiotic.
Next to the selection of the host organism, codon usage, promoter strength, promoter regulation, translation initiation and protein stability, the copy number of the foreign gene per cell may be decisive for the level of expression of the cloned gene. In general-
